Encenicline is a novel, selective α7 nicotinic acetylcholine receptor agonist in development for treating cognitive impairment in schizophrenia and Alzheimer's disease. A phase 2, double-blind, randomized, placebo-controlled, parallel-design, multinational study was conducted. Patients with schizophrenia on chronic stable atypical antipsychotics were randomized to encenicline 0.27 or 0.9 mg once daily or placebo for 12 weeks. The primary efficacy end point was the Overall Cognition Index (OCI) score from the CogState computerized battery. Secondary end points include MATRICS Consensus Cognitive Battery (MCCB) (in US patients), the Schizophrenia Cognition Rating Scale (SCoRS) total score, SCoRS global rating, and Positive and Negative Syndrome Scale (PANSS) total and subscale and cognition factor scores. Of 319 randomized patients, 317 were included in the safety population, and 307 were included in the intent-totreat population. Notable trends in improvement were demonstrated across all cognition scales. For the OCI score, the LS mean difference for encenicline 0.27 mg vs placebo was significant (Cohen's d = 0.257; P = 0.034). Mean SCoRS total scores decreased showing improvement in function over time, and the difference was significant for encenicline 0.9 mg vs placebo (P = 0.011). Furthermore, the difference between encenicline 0.9 mg and placebo was significant for the PANSS Cognition Impairment Domain (P = 0.0098, Cohen's d = 0.40) and for the PANSS Negative scale (P = 0.028, Cohen's d = 0.33). Treatment-emergent adverse events were reported at similar frequencies across all treatment groups (39.0% with placebo, 23.4% with encenicline 0.27 mg, and 33.3% with encenicline 0.9 mg). Overall, encenicline was generally well tolerated and demonstrated clinically meaningful improvements in cognition and function in patients with schizophrenia.
INTRODUCTION
Nearly all patients with schizophrenia demonstrate cognitive impairment that is evident across multiple domains, including attention/vigilance, verbal learning and memory, executive functioning, verbal fluency, and speed of processing (Harvey and Keefe, 1997; Heinrichs and Zakzanis, 1998) . Cognitive impairment is often apparent before or at the time of a first psychotic break (Saykin et al, 1994; Bilder et al, 2000) and persistent throughout all stages of illness. The magnitude of cognitive impairment is on average 2 SDs below the healthy control mean (Saykin et al, 1991; Keefe et al, 2011) , and the severity of impairment is more predictive of functional outcomes than positive and negative symptoms . Cognitive impairment in this patient population has been shown to be consistently associated with unemployment, limited social functioning, and poor quality of life, and is widely accepted as the chief determinant of long-term disability (Green et al, 2004; Mohamed et al, 2008) .
There is a clear need for pharmacological agents that target cognitive impairment in schizophrenia for which there are currently no approved medications. To meet this need, novel medications will need to be assessed for effect in two areas: improvement in cognition using a validated measure that covers the broad spectrum of cognitive domains as well as the demonstration of improvement in clinically relevant functioning. Thus, the improvement of cognitive impairment, because of its impact on patient functioning, is increasingly recognized as an essential goal to improve patient care and represents a significant unmet medical need.
The α7 nicotinic acetylcholine receptors (α7 receptors) have been shown to play an important role in cognition in both animals and humans and have potential therapeutic applications in cognitive impairment in schizophrenia as well as Alzheimer's disease. Activation of the α7 receptors increases cholinergic neurotransmission and the release of glutamate (Glu) and dopamine (DA) exerts procognitive effects in rats (Picciotto et al, 1998; Pichat et al, 2007; Barik and Wonnacott, 2009; Huang et al, 2014) . Encenicline is an agonist exhibiting priming behavior at the α7 receptor by potentiating the response to the natural agonist acetylcholine (ACh) (Prickaerts et al, 2012) . Encenicline may work as a neuromodulator, with its impact on cognition mediated in part by modulating multiple neurotransmitter systems including DA, ACh, and Glu in the prefrontal cortex and other brain regions (Huang et al, 2014) . In a prior study in patients with schizophrenia, encenicline demonstrated normalizing effects on evoked response potentials (Mismatch Negativity, P300) that have been shown to be consistently abnormal in patients with schizophrenia (Preskorn et al, 2014) . Procognitive effects of encenicline were observed in normal subjects (Barbier et al, 2015) . The purpose of this phase 2 study was to evaluate the potential procognitive and functional effects of encenicline in patients with schizophrenia or schizoaffective disorder treated with stable doses of antipsychotic medication.
MATERIALS AND METHODS
The study protocol, protocol amendments, and informed consent forms were reviewed and approved by independent institutional review boards/ethics committees. All participants provided written informed consent before screening.
Study Design
This was a 12-week, double-blind, randomized, placebocontrolled, parallel-design, multinational study. Screening evaluations included physical examination, vital signs, 12-lead electrocardiogram (ECG), and clinical laboratory tests. Following a screening visit, a 14-day single-blind placebo run in was completed to assess patient compliance, vital signs, and acclimate the patients to cognitive testing procedures. Eligible patients were subsequently randomly allocated 1 : 1 : 1 to encenicline 0.27 or 0.9 mg (equivalent to 0.3 and 1.0 mg encenicline hydrochloride, respectively) or placebo once daily. Study visits occurred on days 7, 14, 28, 44 (for US sites only to obtain the MCCB), 56, 77, and 84 (±2 days). A follow-up telephone assessment was performed on day 91 to elicit information on adverse events.
Patient Selection
Male or female patients aged 18-55 years inclusive residing in a stable living situation were eligible if they had a diagnosis of schizophrenia or schizoaffective disorder of ≥ 3-year duration utilizing the Structured Clinical Interview: Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (SCID-I for DSM-IV-TR Disorders-Axis I). Patients were required to have a nonacute illness, have an acceptable general health status, and be treated with a second-generation antipsychotic drug (excluding clozapine) at a stable dose for ≥ 4 weeks and must have been on that drug and clinically stable for ≥ 8 weeks before screening. Patients also were required to have moderate schizophrenia clinical symptom burden as defined as (1) no more than 'moderate' rating for positive symptoms (hallucinations and delusions) and a Brief Psychiatric Rating Scale (BPRS; Overall and Gorham, 1962) Hallucinatory Behavior or Unusual Thought Content item score ≤ 4; (2) no more than 'moderate' severity rating for formal thought disorder; BPRS Conceptual Disorganization item score ≤ 4; (3) minimal level of extrapyramidal symptoms (EPS); Simpson-Angus Scale (SAS; Simpson and Angus, 1970) total score ≤ 6; and (4) minimal level of depression; Calgary Depression Scale for Schizophrenia (CDSS) (Addington et al, 1990) total score ≤ 10.
Patients were excluded with a history of hospitalization within 4 weeks or psychiatric hospitalization within 3 months of screening, treatment with more than one antipsychotic drug, or chronic treatment with anticholinergic agents. Patients were also excluded for use of any antidepressant, except for those on stable dose of a selective serotonin reuptake inhibitor for ≥ 3 months before screening.
Study Procedures
The primary efficacy end point was the CogState Overall Cognition Index (OCI) score based on seven computerized tasks and two 'paper and pencil' tasks from the Neuropsychological Test Battery (NTB) (Trails 2 and 4) (Maruff et al, 2009) . The CogState tasks included the International Shopping List Task (ISLT), Groton Maze Learning Test (GMLT), Detection (DET), Identification (IDN), One Card Learning (OCL), One-Back (ONB), and Social-Emotional Cognition Task (SECT). These cognitive performance tasks were completed at baseline, and on days 14, 28, 56, and 77.
A secondary cognitive end point was the MATRICS Consensus Cognitive Battery (MCCB). The MCCB assesses cognitive change in patients with schizophrenia Nuechterlein et al, 2008) and evaluates seven cognitive domains: speed of processing, attention/vigilance, working memory, verbal learning, visual learning, reasoning and problem solving, and social cognition. The MCCB was completed only by patients enrolled in the United States (n = 154) at baseline and on days 44 and 84 because of the lack of validated translations for the ex-US countries at the time this study was initiated. The change in the MCCB overall composite T-score (weighted sum of the 7 domain scores) and individual domain scores were assessed.
Additional secondary end points included the Schizophrenia Cognition Rating Scale (SCoRS) total score (Keefe et al, 2006) , a 20-item rating scale of daily functioning related to cognitive impairment (Keefe et al, 2015) . The SCoRS was administered at baseline and on days 28, 56, and 77. The SCoRS rater integrated information from separate patient and informant interviews to generate a total score. The Positive and Negative Syndrome Scale (PANSS; Kay et al, 1987) was administered at baseline, and on days 28, 56, and 77. Although the PANSS Negative Subscale was prespecified as a secondary end point, the PANSS Cognitive Impairment Domain was also evaluated in a post hoc analysis (Mohs et al, 2004) .
Treatment-emergent adverse events (TEAEs), laboratory evaluations (hematology, blood chemistry, and urinalysis), physical examination, vital signs (blood pressure, pulse rate, temperature, respiratory rate), and 12-lead ECG were assessed at regular intervals throughout the study. Suicidal ideation was evaluated using the Columbia-Suicide Severity Rating Scale (C-SSRS; Posner et al, 2007), EPS were evaluated using the SAS, and prior and concomitant medications including antipsychotic medications were recorded.
Statistical Analysis
Sample size was based on the number of patients necessary to detect an effect size of 0.4 as being statistically significant at the Po0.05 criterion and providing 80% power and was calculated to require a total of 234 patients or 78 patients per group per pairwise comparison. As the analysis was conducted only to determine whether encenicline was better than placebo, and a result suggesting that it was worse would not be different than acceptance of the null hypothesis, statistical tests of efficacy in this phase 2 study were one tailed (Cohen, 1977) . In order to reach the goal of 234 evaluable patients, ∼ 376 patients were to be screened for an estimated randomization of 282 patients or 94 patients per group.
The primary efficacy end point was the computerized CogState OCI with the paper-based trails 2 and 4. The pairwise comparison of each dose of encenicline and placebo was tested at the significance level of 0.05 (one sided) without any adjustment for multiple comparisons. The primary efficacy analysis was performed in the intent-to-treat (ITT) population, defined as any randomized patient who received drug and had at least one postbaseline efficacy assessment, using a linear mixed model (LMM) with the OCI score as the outcome that included treatment, assessment, and an interaction of treatment by assessment as factors; baseline OCI score as a covariate, and patient as a random effect. The least squares (LS) mean differences between each encenicline treatment group and placebo, 95% confidence intervals (CIs), and P-values were calculated from pairwise comparisons. An exploratory post hoc analysis of the primary efficacy end point excluding the trails 2 and 4 was also performed to assess any potential confounding learning effect of the paperbased tests.
Secondary efficacy end points included the change in the MCCB overall composite T-score from baseline to day 84, the difference in change from baseline on the SCoRS Interviewer total score, and the PANSS total score, including the positive, negative, and general psychopathology subscale scores to day 77. These scores were analyzed using LMM with fixed factors of baseline, treatment, protocol-specified visit, and interaction of treatment and visit. Baseline measures were treated as a covariate, and patient was treated as the random factor. The LS mean difference, SE, and 95% CIs were estimated separately for each visit. A post hoc analysis of the change from baseline in the MCCB was also performed using similar methods, utilizing the last observation carried forward (LOCF), and including data from patients who terminated early and completed the assessments at an early-termination visit. An additional analysis of the cognition end points was performed with a stepwise model that included age, smoking status, disease duration, continent, antipsychotic, and baseline score as covariates.
EVP-6124-009 was registered at Clinicaltrials.gov (NCT00968851).
RESULTS
A total of 319 patients were randomized to treatment, but one patient was randomized to encenicline 0.9 mg and placebo groups at two different study centers and was excluded from all further analyses. The remaining 317 patients were included in the safety population, and 307 patients meeting the criteria were included in the ITT population (Figure 1 ). The demographic and clinical characteristics were comparable between treatment groups at baseline (Table 1) . Data on methods and results for plasma encenicline concentrations are included as Supplementary Data. 
Efficacy
CogState overall cognition index. For the primary end point, CogState OCI score plus trails 2 and 4, the LS mean difference for encenicline 0.27 mg vs placebo was 0.117 (Cohen's d = 0.257; P = 0.034) and for encenicline 0.9 mg vs placebo was 0.042 (Cohen's d = 0.093; P = 0.255), indicating that encenicline 0.27 mg was associated with significant improvements vs placebo in general cognitive function (Figure 2b ). For most tasks, these positive findings were more pronounced for encenicline than for placebo. Overall, the results did not significantly differ when evaluated by smoking status, age, disease duration, continent, concomitant antipsychotic, or baseline score (Supplementary Table  14 .2.2.4).
The data in the main analysis, however, suggest that there were practice effects on the trail making tests (trails 2 and 4). A separate analysis was performed on the CogState OCI without the NTB trail 2 and 4 tasks to evaluate these practice effects on the overall score. The LS mean difference for encenicline 0.27 mg vs placebo was 0.168 (Cohen's d = 0.336; P = 0.009) and for encenicline 0.9 mg vs placebo was 0.057 (Cohen's d = 0.116; P = 0.205).
MATRICS consensus cognitive battery. At baseline, the mean MCCB overall composite T-score was similar across treatment groups (range: 26.6-31.0). All treatment groups showed a mean increase from baseline on days 44 and 84.
In the analysis utilizing the LOCF, and including data from patients who terminated early and completed the assessments at an early-termination visit (n = 154), the mean change from baseline to day 84 was 2.9 and 3.3 for encenicline 0.27 and 0.9 mg, respectively, and 1.2 for placebo (0.27 mg: P = 0.142, Cohen's d = 0.17 and 0.9 mg: P = 0.069, Cohen's d = 0.28 vs placebo; Figure 2a) . Furthermore, the mean change from baseline to day 84 was numerically greater for each encenicline group than placebo for the majority of domains comprising the MCCB, including speed of processing (0.9 mg group), attention/vigilance (0.9 mg group), verbal learning (0.27 and 0.9 mg group), and visual learning (0.27 mg group) (Supplementary Tables 14.2.2.4 ).
An additional post hoc analysis evaluated the effects of treatment on the PANSS Cognition Impairment Domain. LS mean change from baseline ranged from − 0.3 to − 0.4 with placebo, − 0.4 to − 0.95 with encenicline 0.27 mg, and − 0.7 to − 1.35 with encenicline 0.9 mg at days 28, 56, and 77 ( Figure 2c) . The difference between encenicline 0.9 mg and placebo was significant (P = 0.0098, Cohen's d = 0.40), but the difference between encenicline 0.27 mg and placebo was not (P = 0.186, Cohen's d = 0.19).
Schizophrenia cognition rating scale. At baseline, the mean SCoRS total score was similar across treatment groups (range: 37.2-38.5). All treatment groups showed a mean decrease in the SCoRS total score on days 28, 56, and 77, indicating improvement. The LS mean difference was significant for encenicline 0.9 mg vs placebo (P = 0.011, effect size: 0.36), but not for encenicline 0.27 mg vs placebo (P = 0.970, Cohen's d = 0.01; Figure 3a) . PANSS for schizophrenia. At baseline, the mean PANSS total score was similar across treatment groups consistent with moderate symptom severity (range: 63.3-66.4). A mean decrease in the PANSS total score from baseline was observed across all treatment arms, although changes were not significant.
At baseline, mean scores for the PANSS positive (14.3-5.0), negative (18.0-18.7), and general psychopathology (30.9-32.7) subscales were generally similar across treatment groups. All treatment groups showed a mean decrease in PANSS subscale scores from baseline on days 28, 56, and 77. Changes from baseline for PANSS positive and general psychopathology subscale scores were minimal and did not statistically differ by treatment group. Overall, the lack of significant effects on the PANSS total score and PANSS positive and general psychopathology subscales suggest that treatment with encenicline did not exacerbate symptoms of schizophrenia.
In contrast, a prespecified analysis evaluated the effects of treatment on the PANSS negative subscale. Mean changes from baseline to day 77 were − 0.71 for placebo, and − 1.18 and − 1.44 for encenicline 0.27 and 0.9 mg, respectively. A significant mean difference (−0.7, P = 0.028, Cohen's d = 0.33) was observed at day 77 between encenicline 0.9 mg and placebo. The difference was not significant between encenicline 0.27 mg and placebo at day 77 (P = 0.160; Cohen's d = 0.20; Figure 3b ). 
Safety and Tolerability
In general, the adverse event rates were consistent across all treatment groups (Table 2 ) with the highest rate (39%) of TEAEs observed in the placebo group. Headache was the most common TEAE experienced by encenicline-treated patients (4.7% in the 0.27 mg group and 4.8% in the 0.9 mg group vs 1.9% in the placebo group). Other TEAEs experienced by ≥ 2 patients in any encenicline group and with at least twice the incidence of placebo included nasopharyngitis (3.8% vs 1.9%, placebo), rash (2.9% vs no patient in the placebo group), and dizziness (2.9% vs 1.0%, placebo). Six serious adverse events occurred in six patients; exacerbation of schizophrenia with encenicline 0.27 mg, exacerbation of schizophrenia and schizoaffective disorder, and pharyngitis, with encenicline 0.9 mg, and depression and lower limb fracture with placebo. No serious adverse events were considered related to study medication. No clinically important changes in vital signs, laboratory results, or ECG parameters were observed in any treatment group, and no event related to these parameters was considered severe or serious.
In total, TEAEs were the cause for early study discontinuation in 12 patients: 2 patients with encenicline 0.27 mg, 5 patients with encenicline 0.9 mg, and 5 patients with placebo. Mean baseline values were 37.2, 38.5, and 37.3 in the encenicline 0.27 and 0.9 mg groups and in the placebo group. (b) PANSS Negative Subscale demonstrating dose-dependent change from baseline reaching significance at the encenicline 0.9 mg dose (P = 0.028, ES = 0.33). Mean baseline values were 17.9, 18.7, and 19.0 in the encenicline 0.27 and 0.9 mg groups and the placebo group.
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The occurrence and severity of EPS-related events (eg, tremor, akathisia, and extrapyramidal disorder) and EPS symptoms were evaluated by the SAS. Four patients experienced an EPS-related TEAE, including two patients in the encenicline 0.9 mg group (tremor and extrapyramidal disorder) and two patients in the placebo group (tremor and akathisia). All EPS-related events were of mild severity, and no event was serious or required concomitant anti-EPS medications. No significant weight gain was noted in any of the treatment arms.
DISCUSSION
In this phase 2 study, encenicline, an α7 receptor agonist, was assessed in patients with schizophrenia and schizoaffective disorder stabilized on concomitant atypical antipsychotics. Multiple measures of cognition were built into this study that was designed to assess and characterize the potential effects of encenicline on enhancing cognition, function, and negative symptoms, as well as to further understand the safety profile of the drug.
This study demonstrated consistent beneficial effects of encenicline across multiple measures of cognition and function, with the most consistent effects apparent in the encenicline 0.9 mg group. For the primary end point, the CogState OCI plus trails 2 and 4, encenicline was statistically superior to placebo at the 0.27 mg dose, but not for the 0.9 mg dose. In other measures of cognition, the MCCB and the PANSS Cognition Impairment Domain, improvement trends were noted with both encenicline doses, with a numerically greater effect seen in the 0.9 mg dose. For the functional capacity outcome, statistically significant effects with encenicline 0.9 mg were noted on the SCoRS total score. Moreover, statistically significant improvements in negative symptoms on the PANSS Negative Subscale were noted in the encenicline 0.9 mg group. Both of these measures showed effects consistent with the MCCB and PANSS measures of cognition. Interestingly, a higher than expected and more variable placebo response was seen with the CogState OCI, whereas a more typically anticipated response of the placebo group was seen for both the MCCB and the PANSS Cognitive Impairment Domain. Although the reasons for the computerized CogState battery to produce placebo results notably different from both the MCCB and PANSS are unclear, it is perhaps due to these findings that the overall results of the CogState were inconsistent with the other measures of cognition and cognitive function in this study. The disparate dose-response results on the CogState vs the MCCB may indicate that the MCCB is a 'better' measure of cognition as it correlates more closely with clinical benefit (dose-response correlation with the SCoRS and PANSS Neg) and the PANSS Cognition Factor analysis or may be due to variability. This will require further study.
The MCCB, PANSS Cognition analysis, and the SCoRS all showed notable, dose-dependent, and consistent improvement with the 0.9 mg dose of encenicline compared with placebo, and placebo responses that were more in keeping with the general literature. The effect of the 0.9 mg dose of encenicline as measured by MCCB was noted as a trend (P = 0.069) despite the fact that these assessments were collected for only about half of the study sample (154/317), due to unavailable validated MCCB translations outside of the United States. The PANSS Cognition and SCoRS ratings were collected and analyzed for the entire study population, and both showed statistical significance for the 0.9 mg group as compared with placebo. Both 0.27 and 0.9 mg encenicline doses were generally well tolerated. No serious safety signals were identified for encenicline-treated patients compared with placebo, and the overall safety profile was consistent with the known pharmacology of encenicline.
Taken together, the encouraging effects on cognition in addition to a generally well-tolerated safety profile warrant further studies with larger populations, longer durations, and a higher dose to further elucidate the potential cognitive enhancing effects of encenicline in stable schizophrenic patients.
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